Novel DNA Polymerases Offer Clues to the Molecular Basis of Mutagenesis  by Friedberg, Errol C & Gerlach, Valerie L
Cell, Vol. 98, 413±416, August 20, 1999, Copyright 1999 by Cell Press
Novel DNA Polymerases Offer Minireview
Clues to the Molecular Basis
of Mutagenesis
through sites of stalled or blocked DNA replication (repli-
cative bypass or translesion DNA synthesis) (Friedberg
et al., 1995). However, until recently, understanding ex-
actly how the products of SOS-induced genes modify
the replicative machinery to facilitate error-prone transle-
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Dallas, Texas 75235 sion synthesis has posed a formidable biochemical chal-
lenge. Even less was known about how such gene prod-
ucts might participate in the spontaneous generation of
In his text entitled ªThe Molecular Basis of Mutationº mutations.
published almost 30 years ago, John Drake noted that Recent studies (Reuven et al., 1998; Tang et al., 1998;
ªever since mutation was emphasized by de Vries (1901) also see Walker, 1998) have reconstituted replicative
as a fundamental genetic process, its analysis has occu- bypass of sites of base damage in DNA with purified E.
pied a position close to the center of the geneticist's coli proteins. One of these studies (Tang et al., 1998)
arena.º The ensuing three decades have witnessed the demonstrated a requirement for DNA polymerase III ho-
identification of a large array of genes which participate loenzyme, the primary DNA replicative enzyme in E. coli
in both spontaneous mutagenesis and that associated (or DNA polymerase II); activated RecA protein, a multi-
with deliberate exposure to DNA-damaging agents in functional protein required for regulation of the SOS
the prokaryote E. coli (Table 1). An equally impressive response, genetic recombination, and mutagenesis in E.
list of genes has emerged from analysis of the yeast S. coli (Friedberg et al., 1995); single-strand binding protein
cerevisiae (Table 1). However, whereas the advent of (SSB); and UmuD92C (a complex comprised of two mole-
recombinant DNA technology and the almost facile over- cules of proteolytically processed UmuD protein and
expression of cloned genes has greatly facilitated the one molecule of UmuC protein; Walker, 1998; Figure
transition from genetics to biochemistry in the fields 1A). The precise functions of these latter proteins are
of DNA replication, transcription, recombination, and unknown. Surprisingly, these studies also revealed low
repair, the biochemical bases of mutagenesis have seri- levels of replicative bypass with purified UmuD92C com-
ously lagged behind. A number of recent advances, in plex in the absence of DNA pol III core enzyme. However,
particular the identification and characterization of sev- primer extension beyond sites of bypass was consider-
eral novel DNA polymerases (and the prospect of an ably enhanced by the additional presence of DNA pol
even larger number remaining to be characterized), have III core enzyme, DNA pol III a subunit, or purified DNA
illuminated several aspects of mutagenesis in lower and pol II. As explicitly suggested by Walker (1998), these
higher organisms, and offer the promise of more gains in experiments hinted at the possibility that UmuD92C pro-
understanding this fundamental biological phenomenon tein is endowed with a specialized DNA polymerase
in the future. activity that can replicate DNA past sites of base dam-
DNA Polymerases in Replicative Bypass (Translesion age. Recent studies have directly demonstrated this to
DNA Synthesis) of Base Damage be the case (Tang et al., 1999). Reuven et al. (1998) also
E. coli and other bacteria are endowed with several achieved translesion DNA synthesis in the presence of
complex regulatory systems that are differentially acti- DNA pol III holoenzyme, SSB, RecA protein, UmuD9 pro-
vated in response to a variety of different DNA-damaging tein, and UmuC protein fused to maltose binding protein
agents. These regulatory systems include a series of (MBP), albeit with a different primer/template. However,
nonessential genes comprising the so-called SOS sys- these investigators failed to observe translesion synthe-
tem (Friedberg et al., 1995). Among the z20 known SOS sis when they omitted DNA pol III holoenzyme. The rea-
genes of E. coli, a number are specifically involved in sons for this discrepancy remain to be reconciled, but
spontaneous or DNA damage±induced mutagenesis could result from any of multiple experimental factors
(Table 1). The products of these genes facilitate the (Walker, 1998).
tolerance of base damage in DNA rather than the physi- A scenario for replicative bypass in eukaryotes is anal-
cal removal (e.g., excision) of such damage that charac- ogous to that observed with the E. coli reconstituted
terizes DNA repair. The late Hatch Echols, one of the systems described above and has emerged from studies
pioneers in the field, suggested that the primary biologi- in the yeast S. cerevisiae. The Rev1 protein (Table 1),
cal function of the SOS system in bacteria was in fact which is required for UV radiation±induced mutagenesis,
to generate a background of mutations upon which se- shares significant amino acid sequence similarity with
lection could operate in response to adverse environ- E. coli UmuC protein (Larimer et al., 1989). Purified re-
mental conditions. A prevalent general hypothesis of combinant Rev1 protein is endowed with an enzyme
the molecular mechanism of DNA damage±induced mu- activity that catalyzes the unique incorporation of dCMP
tagenesis in bacteria is that the products of certain SOS opposite sites of base loss in a primer/template-depen-
genes somehow relax the fidelity of normal semiconser- dent reaction (Nelson et al., 1996b) (Figure 1B). Incorpo-
vative DNA synthesis to allow error-prone DNA synthesis ration of dCMP was also nonspecifically observed oppo-
site sites of adenine, uracil, and guanine. This enzyme
was designated a deoxycytidyl transferase (Nelson et* To whom correspondence should be addressed (e-mail: friedberg.
errol@pathology.swmed.edu). al., 1996b). However, enzymes that catalyze the transfer
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Table 1. Mutagenesis-Related Proteins
Protein Size
Organism Protein (kDa) Function/Activity
E. coli LexA 22.7 Transcriptional regulator; autoprotease
RecA 38 Activates LexA and UmuD; targets Umu proteins to lesions
UmuD 15 Facilitates translesion DNA synthesis; DNA pol V
UmuC 45 Facilitates translesion DNA synthesis; DNA pol V
DNA pol III 10 subunits Major replicative polymerase
DinB/P 42.1 DNA pol IV; untargeted (spontaneous) mutagenesis
S. cerevisiae Rad6 19.7 Ubiquitin-conjugating enzyme
Rad18 55 Involved in damage-induced mutagenesis; interacts with Rad6
RadH (Srs2) 125 DNA helicase involved in damage-induced mutagenesis
Rad5 (Rev2) 134 Helicase-like protein
Rev1 112 deoxycytidyl transferase activity; homology with UmuC and DinB
Rev3 173 DNA pol z elongation subunit
Rev7 29 DNA pol z subunit
Rad30 70 DNA pol h; homology with UmuC and DinB
All the E. coli proteins listed, with the exception of the DNA polymerase III holoenzyme, are encoded by SOS genes.
of nucleotides with a strict dependence on DNA tem- skin cancer±prone disease xeroderma pigmentosum
(XP) (Masutani et al., 1999; Johnson et al., 1999b). Theseplate/polynucleotide primers are by definition DNA poly-
merases. findings provide a satisfying explanation for the long-
standing conundrum that in contrast to all other XPThe incorporation of cytosine opposite sites of base
loss by Rev1 protein allows efficient extension of prim- individuals, XP variant (XP-V) patients are proficient in
nucleotide excision repair of DNA (Friedberg et al.,ers by DNA polymerase z, another novel DNA polymer-
ase comprised of the REV3 and REV7 gene products 1995). Hence, XP can result either from defective nucleo-
tide excision repair or from defective error-free transle-(Table 1), which are also required for mutagenesis in
yeast (Friedberg et al., 1995). Thymine dimers produced sion synthesis across thymine dimers. Interestingly, a
second human (and mouse) homolog of yeast Rad30by exposure to ultraviolet (UV) radiation have been
shown to efficiently block DNA synthesis with the yeast protein with a different amino acid sequence has also
been identified (McDonald et al., 1999). Finally, it is perti-replicative DNA polymerases a, d, and e (Friedberg et
al., 1995). However, purified DNA polymerase z can nent to note that in S. cerevisiae (and presumably in
higher eukaryotes) the Rad6, Rad18, RadH, and Rad5additionally support robust translesion synthesis on a
template containing thymine dimers in the absence of proteins (Table 1) are also required for mutagenesis
(Friedberg et al., 1995). Rad6 is a ubiquitin-conjugatingRev1protein (Nelson et al., 1996a). The observation that
the sequential actions of Rev1 DNA polymerase and enzyme that binds tightly to Rad18 and RadH is a DNA
helicase (Friedberg et al., 1995). It remains to be estab-DNA polymerase z can effect error-prone bypass of
template lesions, provides an attractive explanation lished exactly how these proteins function during muta-
genesis.of the requirement for the REV1 gene for mutagenesis
associated with exposure to UV radiation (Nelson et al., E. coli DinB Protein: Another Novel DNA Polymerase
In 1980 Graham Walker and Cynthia Kenyon reported1996b).
Further complexity in the biochemistry of mutagene- an elegant strategy for identifying genes under SOS
regulation in E. coli. Those with unknown function, in-sis in yeast derives from the recent discovery of a third
novel DNA polymerase in S. cerevisiae. This protein, cluding one called dinB, were designated din (for DNA
damage-inducible). Subsequent studies demonstrateddesignated DNA polymerase h (Johnson et al., 1999a),
is encoded by the RAD30 gene (McDonald et al., 1997; a requirement for dinB in untargeted mutagenesis (i.e.,
mutagenesis that is not specifically localized at or nearRoush et al., 1998). Like Rev1 protein, yeast Rad30 pro-
tein shares significant amino acid sequence similarity sites of base damage) of phage l DNA following infec-
tion of UV-irradiated E. coli (Brotcorne-Lannoye andwith E. coli UmuC protein and with another E. coli protein
involved in SOS-dependent spontaneous mutagenesis Maenhaut-Michel, 1986). During the E. coli genome se-
quencing project Ohmori et al. (1995) discovered ancalled DinB (see below) (McDonald et al., 1997; Roush
et al., 1998). In contrast to the translesion DNA synthesis ORF which they called dinP, with amino acid sequence
similarity to S. cerevisiae Rev1 protein, E. coli UmuCdiscussed above, DNA polymerase h catalyzes the in-
corporation of nucleotides opposite thymine dimers in protein, and a hypothetical protein from C. elegans
called F22B7.6. Further studies (Kim et al., 1997) showedan error-free manner; i.e., it incorporates adenines op-
posite the dimerized thymines in the presence of all four that dinB and dinP are in fact the same gene, and
that overexpression of dinB results in an z1000-folddeoxynucleotide triphosphates (Johnson et al., 1999a).
A human homolog (though apparently not the true increase in untargeted mutagenesis of F9lac plas-
mids, which is independent of functional E. coli recA orhuman ortholog) of Rad30 protein, which is endowed
with DNA polymerase activity like that of DNA polymer- umuC/D genes. The most prevalent mutations noted
were frameshifts associated with 21 deletions in homo-ase h, has recently been identified and shown to be
mutated in cells from the variant form of the hereditary polymeric runs (Kim et al., 1997).
Minireview
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mutagenesis and the predominance of frameshift muta-
tions observed in vivo, Wagner et al. (1999) examined
the fidelity of DNA synthesis in the presence of purified
DinB compared to that observed with either purified
wild-type Klenow fragment of E. coli DNA polymerase I
endowed with 39→59 proofreading ability (KFexo1), or
Klenow fragment defective in 39→59 proofreading ability
(KFexo2). The major DNA synthesis products obtained
with DinB protein in the presence of a perfectly matched
primer/template were indistinguishable from those gen-
erated by KFexo1, and exactly 1 nucleotide smaller than
those generated by KFexo2, presumably due to defec-
tive proofreading by the latter enzyme. However, when
presented with a primer/template containing a G´G mis-
match in a DNA sequence context with a strong potential
for misalignment, DinB protein yielded major replication
products 1 nucleotide shorter than those generated in
the presence of KFexo1, and 2 nucleotides shorter that
those generated in the presence of KFexo2. In other
words, E. coli polymerase IV can generate a replication
product of the correct template length when presented
with a matched primer/template, but in the presence of
a mismatched primer/template that can form a slipped
intermediate, the replication product is 1 nucleotide
shorter. These results provide an explanation for the
generation of 21 frameshift mutations by DinB protein
in the presence of a misaligned primer/template (Figure
1C). This conclusion was directly confirmed by sequenc-
ing the major replication products. In further experi-
ments, Wagner et al. (1999) showed that site-directed
Figure 1. Schematic Representation of Proteins Involved in Error- mutagenesis of 3 selected amino acids in the DinB poly-
Prone Replicative Bypass during DNA Damage-Induced (Targeted)
peptide that are conserved in the yeast Rev1, C. elegansMutagenesis and Spontaneous (Untargeted) Mutagenesis in E. coli
F22B7.6, and E. coli UmuC proteins, inactivated the abil-and S. cerevisiae
ity of DinB protein to promote both spontaneous muta-Proteins with known DNA polymerase activity are shown in orange.
genesis of E. coli cells harboring F9lac plasmids, and its(A) Damage-induced SOS-dependent mutagenic bypass of DNA le-
DNA polymerase activity. This suggests that the muta-sions (black triangle) in E. coli involves DNA polymerase III holoen-
zyme, activated RecA protein, and the UmuD92C complex. The genic activity of DinB is related to its DNA polymerase
UmuD92C complex alone is designated as DNA polymerase V of E. function (Wagner et al., 1999).
coli. Based on these results and the previously observed
(B) Mutagenic bypass of UV radiation±induced lesions (black trian- predilection for 21 deletions in homopolymeric se-gle) in S. cerevisiae involves Rev1 protein (also referred to as de-
quences in vivo (Kim et al., 1997), Wagner et al. (1999)oxycytidyl transferase), the Rev3/Rev7 complex (DNA pol z), Rad30
speculate that misinsertion events during DNA replica-protein (DNA pol h), as well as Rad6, Rad18, RadH, and Rev2
tion across a nucleotide repeat region in the templateproteins.
(C) SOS-induced untargeted mutagenesis in E. coli involves DinB strand may cause the normal replicative machinery to
protein (DNA polymerase IV). stall and dissociate from its template/primer. Under
these circumstances replication intermediates might be
specifically extended by the polymerase activity of DinB.
Nohmi's group in collaboration with Fuch's group The studies summarized above share an interesting
have now purified a histidine-tagged version of DinB new paradigm for error-prone DNA replication, namely the
protein to .95% homogeneity and shown that it is a involvement of DNA polymerases with novel properties
DNA polymerase which lacks 39→59 proofreading exo- that are able to effectively negotiate sites of DNA template
nuclease activity, and which adds nucleotides to primer/ base damage or misalignment, thereby allowing the nor-
templates in a strictly distributive manner (Wagner et mal replicative machinery to continue template copying.
al., 1999 [August issue of Molecular Cell]). Thus, only a This paradigm contrasts with the previously held notion
single nucleotide is incorporated during each encounter that proteins such as UmuD9 and UmuC somehow mod-
of the enzyme with the substrate template/primer. The ify the normal replicative machinery, thereby relaxing its
purified protein catalyzes the accurate incorporation of fidelity at sites of base damage (Friedberg et al., 1995).
nucleotides from single deoxynucleotide triphosphates In the final analysis, both models may prove to be correct
or from mixtures of them. DinB protein is thus desig- in particular situations.
nated DNA polymerase IV of E. coli (Wagner et al., 1999) Evidence for Additional DNA Polymerases
(Figure 1). (The UmuD92C polymerase activity referred with Mutagenic Potential
to earlier is designated DNA polymerase V of E. coli An examination of available databases indicates the ex-
[Tang et al., 1999] [Figure 1].) istence of an extended family of DinB-related proteins.
These include E. coli UmuC, yeast Rev1, C. elegansTo address the role of DinB protein in untargeted
Cell
416
Roush, A.A., Suarez, M., Friedberg, E.C., Radman, M., and Siede,F22B7.6, yeast Rad30, and the two human Rad30 homo-
W. (1998). Mol. Gen. Genet. 257, 686±692.logs mentioned above. Additionally, mouse and human
Tang, M., Bruck, I., Eritja, R., Turner, J., Frank, E.G., Woodgate, R.,homologs of the E. coli dinB gene have been cloned
O'Donnell, M., and Goodman, M.F. (1998). Proc. Natl. Acad. Sci.(Gerlach et al., 1999). All members of this superfamily
USA 95, 9755±9760.
share motifs with the known DNA polymerases Rad30
Tang, M., Shen, X., Frank, E.G., O'Donnell, M., Woodgate, R., andand DinB. These motifs contain invariant negatively
Goodman, M.F. (1999). Proc. Natl. Acad. Sci. USA 96, 9218±9223.
charged residues that are likely involved in nucleotide
Wagner, J., Gruz, P., Kim, S.-R., Yamada, M., Matsui, K., Fuchs,
polymerization, suggesting that DNA polymerase activ- R.P.P., and Nohmi, T. (1999). Mol. Cell 4, 281±287.
ity is common to the entire superfamily (Gerlach et al.,
Walker, G.C. (1998). Proc. Natl. Acad. Sci. USA 95, 10348±10350.
1999).
Clearly additional biochemical characterization lies
ahead to identify similarities and differences among this
class of enzymes and their role(s) in mutagenesis during
replication of damaged and undamaged DNA. It will be
particularly interesting to determine if different polymer-
ases are selected to negotiate specific types of base
damage in template DNA, and if so, how this selectivity is
achieved to result in error-free or error-prone replication.
Additionally, it will be important to address whether
these polymerases operate in strict isolation, or partici-
pate in recruitment of the displaced replication machin-
ery to the replication fork to allow continuation of normal
DNA synthesis. Finally, do specialized polymerases
such as pol h have absolute specificity for thymine±
thymine dimers in template DNA? If so are cytosine±
thymine, thymine±cytosine, and cytosine±cytosine di-
mers in DNA subject to error-free replicative bypass by
other DNA polymerases, or must they be removed by
DNA repair to avoid permanent replicative arrest? Based
on the recent rapid strides in our understanding of the
molecular basis of mutagenesis, one can optimistically
look forward to the emergence of definitive answers to
these questions in the near future.
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